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ABSTRACT

Bamboo fibre reinforced composites are not fully utilised due to the limited understanding on
their mechanical characteristics. In this paper, the effects of alkali treatment and elevated
temperature on the mechanical properties of bamboo fibre reinforced polyester composites
were investigated. Laminates were fabricated using untreated and sodium hydroxide (NaOH)
treated (4 to 8% by weight) randomly oriented bamboo fibres and tstsaimand elevated
temperature (40, 80 and T2). An improvement in the mechanical properties of the
composites was achieved with treatment of the bamboo fibme&NaOH concentration of

6% was found optimum and resulted in the best mechanical propertiebeiitliag, tensile

and compresive strength of this composiie 44.2, 21.0, 111.2 MPa, respectively while the
stiffness is 4.0 GPa which are 7, 10, 81, and 25%, respectigier than the untreated
composites. When tested up to’80the flexural and teile strength are slightly enhanced

but the bending stiffness and compressive strength decreased as these latter properties are
governed by the behaviour of resin. At 40 andC3ahe bond between the untreated fibres
and polyester ixomparable to that aofintreated compositesnd resuled in almost same
mechanical properties. However, a significant decrease in all mechanical properties was

observed for composites tested at20
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1. Introduction

Synthetic fibres gch as tpss carbonand aramichave been used for several years in many
applications varying from aerospace components to civil infrastructdmgever, he high
production and material costs of theserd®limit their wider use for the development of
composite materialsAs a resultthere is an increasing interest in utiig the less expensive
natural fibres as reinforcement in composites because of their added advantages such as
lightweight, renewability and biodegradability. Joshi e{Hl.alsoreveaédthat naturafibres

are environmentally superior to glagbres making them an emerging and realistic
alternative to synthetifibres in some engineering applications. It is anticipated therefore that
the use of sustainable natufigresin the development of new generation composites will be
a necessity and will pyaa crucial role in the neartiure.

Among the wellknown naturalfibres, bamboo has one of the mdawourable
combinations of lowdensity and high stiffness and streng#. Nugrohoand Ando [3]
indicated that these properties of bamboo makem a promising material for the
manufacture of various engineered composite prodtiteever, t is anly in recent years
that the interesin utilising bamboo as reinforcing materials for cawsfies is increasing
because of limited availability dahe fibres [2]. This is becaus# is technicaly difficult and
expensive to extract long and straight bambbres [4-5]. Anothersignificantchallenge in
using bamboois the inherent flaws withinfibres which reduce thi& compatibility with
polymer matricesesulting inpoor mechanical propertie$ the compositef5]. Thisis due to
the hydrophilicnature ofnatural fibresand thehydrophobicnature of thegolymer matrixbut
their poor compatibity can beimproved by fibre surface modifications using chemical
treatments.

While many researchers have developed composites with natural, tibeegork on
bamboofibre reinforced composites #ill very limited Most of the studies focusedostly
on tensile strengtltharacterisationthus Khalil el at. [5] suggested thatore analysis and
testingare warrantedo comprehensivelgharacterise the mechanical properties of bamboo
fibre based compositeSimilarly, investigation on théehaviour of such eoposites under
elevated temperatuiie scarceThere is a neethereforeto comprehensivelynvestigate the
mechanical properties ofomposites utilisingbamboo fibres in order to increase its
acceptance and wider usethe composites industry

In this study, bamboo fibres were treatesth different levels of alkali solution and
infused with polyester resirto produce the compositeExperimental investigation using
coupon specimens following ISO and ASTM test standards were performed to characterise
the effect of alkali treatment on the flexural, tensile and compressive properties of the
bamboo fibrepolyester compositest room and elevated temperatuteis expected thahe
results of this study will provide information support the development aagplication of
costeffective and ecdriendly bio-composites utilizing bamboo fibtarough an evaluation
and understanding of their mechanical characteristics

2. Background

Bamboo is a widely available material in many paotsthe world and has beensed

extensively as a substitute to wood in making furniture andclost housing. lis estimated
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that more than 2.5 billion people depend on the use of bajo@Bamboo is found in
abundance in Asia and South Amer{&. In Australia, bamboo has been smaltscale
cultivation in several areas of Queensland for more than 20 j#&avgherein he current
market is for shoots and culm production. However, the Australian market has long been
importing bamboo product$or housing and constructiosuch as fyoring, laminates,
composite board, and chipboard. Thus, a sthdy suports the development and adaptation

of more renewable materials while providing the construction and building industry with an
alternative and environmentally sustainable materiadth &8s bamboo is warranted.

Despte its high mehanical properties, biodegradability and low cost, bamboo is not
fully utilized in modern construction due to its cylindrical shape requiring special joints and
connections. Consequently, bambfiores are &tracted and used as reinforcemeat f
polymer composites to pracally apply the benefit of baboo in various engineering
systems.Takagi and Ichihar9] indicated thatbamboo fibre is one of the most attractive
candidates as a strengthening naturarefiblt has several advantages, such as the
environmental load is small, because it is renewable yearly and it grows ramidlyhe
bamboo fibre has relatively highstrength compared with jute and cottiilores. Rao and
Rao [4] indicatedthat bamboo fikes are stiffer but weaker than banana and sisal fibres,
which are two of the mostly utilised natural fiborédgnada et al[10] estimated the tensile
strength, modulus and bulk density of bamboo culm is around 50 MPa, 2 GPa and 670 kg/m
and that of fibreis 610 MPa, 46 GPa and 1160 kd/mespectively.Added to these
advantages, bamboo is typical of unutilised naturarésources.

The favourable properties of bamboo fibres have led researchers to investigate its
potential use as reinforcement in compdss. Mohanty and NayaK11] developed short
bamboo fibre reinforcetiDPE polyester composites with varying fibre content. yrfeund
that the bambo@ompositespossess good tensile and flexural strengith fibre loading
from 10 to 30%, beyond which theweas a decline in the mechanical strendtakagi and
Ichihara[9] fabricated green composites from stabased resin and short bamboo fibres
wherein theyfound that the strength of bamboo fibre reinforced composites were strongly
affected by fibre aspecttio. Wong et al.[12] conducted investigation into théfect of
bamboofibre length to tensilgroperties. Their research concluded that very shibres
detracted from the strengtt the unreinforced composgeVanalo et al[13] compared the
mechanical properties dbamboo fibrecomposites made from namoven textile, foam core,
and randomly oriented fibres. Tiheesults indicated that the good mechanical properties of
bamboo composites can certainly have an edge over conventional panel pusddats the
housing and construction industijowever, these researchers have highlighted the need to
modify the surface of bamboo fibres to enhartsebond with the polymer matrix to
effectively utilise the high strength of bamboo fibireshe developdcomposites

Different chemicaltreatmentsare now possible tmodify the structurand surfacef
the natural fibres taimprove the bonding with matrix ando enhance composite properties.
Mohanty et al [14] indicated that l&kaline treatment is one dhe mody usedand least
expensivechemical treatments given to natural fibres. This treatment removes ancertai
amount of lignin, wax and o@overing the external surface of the fibre cell walulting in
an increase in the amount of cellulose expasedhe fibre surface. The alkaline treatment
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alsoreduces the aggregation of fibre in the matrix and increases surface roughiess
improves thanterlocking betweethe fibre and matri{15-16]. However not much of work
has been done to investigakbe teffect of chemical treatment on the mechanical propeties
bamboo fibraeinforcedpolyester composites which warrdattherinvestigation.

Another limitation of natural fibres is their tendency to degrade at lower temperature
compared to synthetiabires. The majority of natural fibrescluding bamboochave low
degradation temperatufd7]. Temperaturealso plays an influential role in the thermal
stability of natural fibore composites, where it causes direct thermal expansion or contraction
and affets the rate and volume of moisture absorption that leads to fibre swélhyVhile
the thermal degradation gbme naturafibres have been investigatgtb-20], very limited
efforts have beemadeto investigate the effect of elevated temperaturehennmiechanical
properties of composites containing bamboo fibriswreover, the effect ofelevated
temperature on the mechanical propertoéslkali treated bamboo fibrasasnot yetbeen
investigated

3. Materials and Methods

3.1Bamboo fibresand polyesterresin

Rardomly orientecbambodfibres obtained through steam explosion processvdtidlengths
ranging from40 to 60 mm were used in this studyrhe average diameter of the bamboo
fibres is 161.52 umPolyester resin (AROPOL 1472/25P Infusiomwhich was suppliedy
Nuplex Composites Australiavas used as the matrix in the production of compositeis

type of resin is selected asis$ reactive and used for rapid cure at room temperailre.
catalyst (Butanox M50) was added for curingat a quanty of 1.8% by weight of the
polyester resinThe properties of the neat polyester resin were determined experimentally
and ardisted in Table 1.

Table 1 Properties of neaiolyesterresin

Modulus of Strength properties, MPa Glass trangion

Elasticity, GPa piexyre Tensile ~ Compressive temperature (TgfC

3.1 80.3 30.9 107.7 110

3.2Fibre preparation

The bamboofibres were washed thoroughly with tap water to remove any debris, dirt and
undesired substances and then dried at an atmospheric temg28\0) prior to treatment

The lamboo fibres weréreated with sodiunmydroxide (NaOH) solution at 4%, 6%, and 8%

by volume of waterThe bamboo fibres were soakéad NaOH solution for 3 hours at room
temperature. The fibres were then wastveide with distilled water to allow absorbed alkali

to leach from the fibre. The washed fibres were dried at room temperature for 8 hours, and
then oven dried &0°C for another 6 hours. The dried fibres were stored in a sealed plastic
bag to avoid atmospheric mais¢ contamination prior to composite processing.



3.3 Compositepreparation

The composite laminates were prepared in 400 mm x 40@am@lswith a fibre fraction of
approximately 2% by weight The laminates were pdaced using the vacuum bagging
processas shown in Figurd. In this process, aressureof 92 bar is applied to thigbres
through a vacuum bag which is properly sealgth adhesive tapalong its perimeter. In the
production of compositeshe banboo fibres were randomly oriented and placed the
infusion table.A transparent glass was applied on topetsure thathe fibres are evenly
distributedand to maintain the thicless of thgpanel Once the fibres were fully impregnated
with the matrix, the composite was then cured under vacuurooat temperature for 24
hours.The samples were then taken off the maand pre-cured at 88C for 5 hours before
cutting into required specimen dimensions.

(a) Randomly oriented bamboo fibres(b) Vacuum mfused bamboo fibre composites
Figure 1.Preparabn of bamboo fibre composites

3.4Test procedure

The experimental investigation using coupon specimere performedollowing the ISO

and ASTM test standards to characterise the flexural, tensile, and compressive properties of
the bamboo fibreeinforced polyestecomposites. Six replicates for each specimen type were
cut and tested. The dimensions of tt@muponspecimen and standards followed for the
different tests are listed ifable2.

Table2. Details of specimen

No. of Dimensions (mm)
Type of test Test standard coupons thickness length  widih
Flexural ISO 14125:1998(E) 6 5 120 15
Tensile ISO 5271:1995 6 5 300 25
Compressive SO 14126:1999 6 5 140 12.75

Figure 2 shows the different test sep. The flexural behaviour was determined ural&¢
point static bending testFigure 2a) while the compressive test was conducted using the
Wyoming Modified Celanese€Compression test fixture (Fig.bR The tensile test was
conducted using a 10 KMTS machine with the load applied at a rate of 1.3 mm/rhaser
displacement transducer was used to measure the elongatibe spdcimer(Figure Z).
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From the characterisation of composites with different leveddkati treatment, the %laOH

that results in optimum mechanical properties wetermined andised inthe investigation

on the effects of elevated temperatkeelevated temperature, the specimens were tested in
the Instron environmental chamb@fig. 2d) at 40, 80 and 12C. The specimens were
preheated in an oven for at least 30 minutes poicohducting the tesfhe test started once
the chamber reachele required temperatuasd was maintained f&minutes.

(c) Tensile test (d) Temperature chamber
Figure2. Test of bamboo fibre compitas

4. Results andobservaions
4.1 Mechanicalbehaviourof NaOH treated bamboo composites

4.1.1Flexural behaviour
Figure 3 shows the typical stresdrain curve for bamboo composites under bending. In this

figure, 0%, 4%, 6% and 8%represent the copositeswith the bambodibres treated with
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different levels ofNaOH solution All specimens exhibéid an almost linear elastic stress
strain curve before any failure was observEde specimenwith untreated bamboo fibres
(0% NaOH ) failed at & average énding stress of 41.81Pa and strain of 8% while the4%
NaOH specimes failed at a stress ¢fl.7 MPa and strain 01.5%. On the other hand, the
specimes with the bamboo fibres treated with 6% NaOH failed at a bending stress of 44.2
MPa and strain oAround1.5% while the 8%NaOH specimes failed at & averagestress of
39.6 MPa and a strain of 1.7%terestingly, Osorio et al2] reported that the failure strain
of bamboofibre composites in flexurdetweenl.4 to 1.7%. This shows that the bamboo
fibres started to break at this level of stnatmich resulted in the failure of the compositas
can also be seen from the figure, the stiffnessoaiposites with chemically treated fibr@s
to 8% NaOH) is higher than theintreatedspecimensndicating that thepretreatment of the
bamboo fibregnhancsthe flexural behaviour of the composites

In comparison with the propertiegported in Table ,1the flexural strength ofthe
bamboo compositas only50 to55% of the neat polyester resit the flexual stiffnes isup
by 30% This shows that the bambdibres do not act effectively as reinforcement to the
polyester resin which results in the flexuraksgth dominated by the matrix propertibsit
provide some stiffening effect on the polyester reghis is because the fibres are randomly
oriented throughout the matriAs expected, the results indicated that the composites with
the bambodfibres treated with NaOHsolutionexhibit a higher flexural strengtind stiffness
than the untreatedomposites Similarly, the compositesdid not fail abruptlywhich is in
contrast with the brittle behaviour of the neat polyester resin as reported in Mana[@ 3t al.
It is believed that the crack growth at the tensile side of the specimen is retardedilineshe
which prevenédtheimmediate failure as aldondicated by the nonlineatressstraincurvein
Figure 3. This shows that t bamboofibres immediately carried the load once crack
propagation is initiated in the specimas shown in igure 4. Completefailure occurred
when all thdibres along the cracks failed.
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Figure3. Flexural stresstrain behavior of bamboo composites

Figure 4.Failure of bamboo composites under bending

4.1.2 Tensilebehaviour
Figure5 shows the typical stresdrain curve fo bamboo composites under tensile load.

almost linear elastic behavior up to fracture of tlemboofibres was observed for all
specimens. Based on thesults, thecomposites with fibres treated with 0, 4,ahd 8 %
NaOH failedat an average tensilérength 0f19.0, 19.5, 21.,0and16.1 MPa, respectively
with a failure strain between 0.4 and 0.6%his shows that théensile strength of the



composites is roughly 52 to 67% of the strength of the neat poly&kisrcan be explained
by the orientatiorof the bamboafibres within the compositedvlylsamy and Rajendran21]
indicated that the tensile properties in a composite depend mainly boréherientation and
the adhesion between théres and the matrixThe fibres should bealsolong along the
direction of the load to effectively utilize itsigh tensile strengtf8]. As the bambodibres
are randomly oriented in the laminates, only fibees which are oriented perpendicular to
the load provided reinforcement to the composites. This is sitailtie observation of Wong
et al. [12] wheran they noted that only the longitudinéibres contributes in the energy
dissipation and in crack retardation in short bamfibee reinforced polyester composites.
Theyadded thathe lower tensile strength tiie compositeghan the neatesinis alsodue to
the relatively short bambdtbres. Takagi and Ichiharg®] mentioned that that bamboo fibres
with a small aspect ratio (less than 20) do not act as reinforcement but only aJtiiBer.
explains why tk drain at failureof the compositess lower compared to the tensile failure

strain oflong bambodfibres.

All specimens failed in the gauge length as shown in Figuifeor specimensvith
untreatedibres, a clean fracture vgaobservedavhich suggests thahe tensile behavior of the
composites is governed by the more brittle polyester thaim thefibres. A close inspection
under the microscopat the failure surfacesvealedthatthe bonding between thébre and
matrix was poor.With low interlocking stength, the fibres can easily slip through the
polyester resin, leading to failure of composites through fibrequilhs shown in Figure 7a
On the other handhecompositesith treated fibregailed due to matrix cracking with some
fibre breakagendicatingthat thefibres contributed to the overall tensile strength. Thvesee
also obvioudraces of polyest resin still adhekto thefibres as shown irFigure 7b This
type of failue is an indication that the laglsion between thidbre and the matx was not lost

and tle failure process was dominated by the matrix material properties.
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(a) Untreated fibres (b) Treated fibreT 6% NaOH
Figure7. Microscopic observation of bamboo fibres

4.1.3Compressive behaviour

Figure 8 shows the stress and strain relationship of the bafildvsegpolyestercomposites
under compressiorA linear elastic behaviour was observed at lower I®festress but
becamenonlinear at highetevel of stress and strain fall specimensThis behaviouris
expected as Sigley et 2] indicated that polyesteesinsare usually brittle in flexurand
tension but show considerable ductility in compmssiUnder compressive load, the
specimen®%, 4%, 6%, and 8%NaOH failed at an average stress@if2, 84.6, 111.2,and
64.1 MPa, respectivelywith the failure strairoccurring between 2.5 taZ®%. Mylsamyand
Rajendran[21] suggested that the most imfmort parameter controlling the compression
properties ofibre composites is the interfacial adhesion betweerfitine and matrix. Thus,
higher compressive properties are expected for compositegredited bambodibresthan
the untreated samples theresin can easily wet and impregnate fibees. In the study, the
composites with bambofibres treated with 6% NaOHexhibitedthe highestcompressive
strength (3% higher thanthat of the neafpolyesterresin while the strength ofother
specimesis onlybetween 56 to 78%f the neat resin

Figure 9 shows the failure behavior of bamboo composites in compression. It can be seen in
Figure @& that the weakibre-matrix interfaceof composites with untreated fibressulted in

the shear crimping failure lead to lower failure strength tharnhat of composites with
treated fibresThis type of failure is due to the low fracture strain of banmfdmes and the

poor adhesion between the matrix andftbees. In contrast, the better transfer of stress from

the matrix tothe bamboo fibres treated with 6%aOH resulted in this specimefailing in

shearas shown in Figure 9b
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Figure8. Compressivestressstrain behavior of bamboo composites

(a) Untreated fibres (b) Treated fibre$ 6% NaOH

Figure9. Failure of bamboo composites undempression

4.2 Mechanicalbehaviourat elevated temperature

4.2.1Flexural behaviour

Figure 10 shows the typical stresdrain curve for bamboo compositéssted in
bendingunder elevated temperatura this figure,RT, 40C, 80C and 120Cepresent the
specimens tested at room temghere (23C), 40, 80 and 126C, respectivelylt can be
observed that as the temperature increasessttassstrain curve becones more nonlinear.
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Interestingly, the bamboo composiexhibitedalmost the same bending strengthen tested
at RT, 40 and 8 but a significant reduction in strength was obsewhdntested at 1.
The specimesiwith untreated bamboo fibréailed at @ average bending stress of 4140.8,
42.3, and 16.4 MPa wli the composites with treated bamboo fibfaged at 44.2, 41.1,
43.0, aand 21.MPawhen tested at RT, 40, 80, and i@0respectively Moreover, the
specimen became more ductile and failed at a higher strdinncreasing temperature. This
is becausef the softening of the polyester matrix at elevated temperature

The almost same level of flexural strength exhibited by the composites wdied te
under RT, 40 and 8Q could be due to the reorientation of the fibre during the softening of
the resin. Mreover, the softening of the resah these levelof temperaturegesulted in the
bonding between the fibres and the rdsmgslightly enhanced. As a result, thbemposites
with and without chemical treatment exhibited almost the sstneagth and sftihesswhen
testedat elevated temperatur€his also suggests that the matrix played a major role in the
overall behaviour of the composites at elevated temperature.

The softening of th@oleyster resirat higher temperature can also be observed from
the failure behaviouof the compositeshown in Figure 11At RT, a brittle failure modet
the centre of the sampless observed and resulted incaighfracturedsurface At elevated
temperaturethe fractured surfaces of treated and untreated compositesquiée similarAt
40°C, thefracturesurfacebecomesoughwith the breakage of the fibres marbvious, with
half of the fractured surface showing a smoother prdfilen at RT A rougherfractured
surface was observed 8@°C than that at RT and 40. This indicates that the sample was
broken as a result gbftening of thgolymer natrix andthe specimenfailed more gradually
with the progressive failure and pwlut of the bamboo fibreg\t 12F°C, a high deformation
was observed anduttiple crackswere apparent ithe compositesThis explains the gradual
drop in stress on the strestsain curves, whereby as crack propagation is hindered by the
fibres, another crack propagates at a different point onptbeirmen The specimes did not
break compléaely into halves as experienced at lower temperature, due to the the fibres
remaining unbroken at the end of the test. This also sugestthe fibres are still able to
carrysomeload, as long as the fibre/matrix adhesion remains intact.

50 —n 50 —
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(a) Untreated fibres (b) Treated fibre$ 6% NaOH
Figurel10. Flexuralstressstrain behavior of bamboo compositgslevated temperature

‘ ke :
(a) Untreated fibres (b) Treated fibre$ 6% NaOH

Figurell. Failureof bamboo compositan flexure at elevated terepature

A

4.2.2Tensile behaviour

Figure 12 shows thetensile stressstrain curve for bamboo composites undgdevated
tempeature It can be observed that as the temperature increases, thessaas®lationship
curves changefrom linear elastic to ndinear. The curves at 4C are similar to the stress
strain diagram obtained &T with slightly lower stiffness At 80°C, the slope gradually
becomes less stegpth themaximum stressrasmaintained for a few seconds before failure.
As the temperature aehes 12{C, thecomposites failed at a lower strength but watkery
high percentage of straiffhe specimerwith untreated and treated (6% NaOH) bamboo
fibres tested atRT failed at & averagetensile stress 0f19.0 and 21.0 MPa, respectively.
Interestngly, both composites with treated and untreated fibres exhibited almost the same
tensile stength when thetemperaturéncreasesThe composites tested at 40, 80 and’@20
failed atan average tensile stress of around 21, 22 aiB& respectively.
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(a) Untreated fibres (b) Treated fibre$ 6% NaOH
Figurel2 Tensilestressstrain behavior of bamboo compositgxlevated temperature

At RT and 46C, all specimens failed primarily at a single crssgtionalong the
width (Figure 13a)y brittle fracture which was also indicated by thérapt drop in the
stressstrain curve.lt was also apparent that the untreated compasiteavemore fibres
exposure on its fractured surface at@@han the treated composit@his is due to te poor
fibre/matrix adhesion of the untreated compositéhich allowed the fibres to slip out from
the polyester, while a better grip on theated compositdsad caused fibres to break instead.
With increasingemperature, bond failure between thes and matrix was respsible for
specimen failurelue to the softening of thresinmatrix.

At 80°C, which is the midpoint between the solid phase of the polyester and its Tg, a
transitional behaviour can be expected. The decrease in slope steepness suggests that the
composiesundergo a reduction in stiffness, while the plateau on the curves before the drop
shows a semiluctile failure. This behaviour suggests that &C3@he polyester have started
to soften. As the Tg is reached, the polyester resin became very duciiéethehaddition of
fibres provided some stiffness and hindered
The increase in the tensile strength at this temperptokees that the softening of the matrix
had allowed the fibres to be pulled in the diren of the tensile loading, rearranging
themselves for better stress transfeigure 13b shows a slightly inclined failure surface
along the width of the specimen tested alG8As the bambodibres used areandomly
oriented this makes the loading oevery fibres unequal. The resin can transfer stress
betweenfibres however, as the temperatunereases, the resin becomes soft and malleable,
thus weakening the overaltructure At 120°C, the déondingof fibres from the matrixand
shear failure betwen the samefibres was observed (Figure 13cJhis gradual failure
indicates that only the fibres resist the tensile load as the polyester sSft@ilarly, the
deterioratbn of the fibre/matrix adhesioat 120C causes gradual separation between the
fibre and the matrixipon the application of thtensile force

(a) RT and 4€C (b) 8C°C (c) 120C
Figurel3. Failureof bamboo compositas tensionat elevated temperature
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4.2.3Compressive behaviour
The compressive stresrain behaviour of babmo composites at elevated temperature is
shown in Figurel4. In this test condition, the composites exhibited nonlinear behaviour. This
is due to the behaviour governed more by tblggster resirthan the fibresWith increasing
temperature, there is @nificant reduction in the strength and stiffness of the compotites.
is interesting that the compressisteengthof the composites with untreated fibres is higher
whentested at 4T than at RTThis could bebecause of thslight softening of the pgéster
which improves the bonding between the fibres and the matrix. Besides, the composites with
and without treatment exhibited similar stress strain behaviour at elevated tempé@itature.
specimes tested at 40, 80 and P20failed at a compressive stss of around 95, 58 and 26
MPa, respectivelyThe ultimate strain of all specimens increases with increasing temperature
due to the softening of the matrix.
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Figurel4. Compressivestressstrain behaior of bamboo composites elevated temperature

Figure 15 shows the failure behaviour of composites tested under elevated
temperature. For composites tested at RT and®at, 4Befailure is initiated as a microcrack,
which then propagateas a shear fhire resulting inmultiple fibre fracture. Due to the
softening of the resiat higher temperaturenicrobuckling of the fibres occurred as the resin
cannot support the fibres resulting in the crushing failure of the specimen at the gauge
section. At 8C°C, failure was due to development ofultiple longitudinal matrix cracks
followed by transverse shear failure of the compesié 120F°C, localised matrix failure led
to adecrease in the latersiipport provided by the matrix on the fibres dmelformation of
kink bandsresulting in a crush mode failure
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Figurel5. Failureof bamboo composites compression at elevated temperature

5. Discussion

5.1Effect of alkaline treatment on mechanical properties
5.1.1Flexural properties

The effect offibre treatment on the flexural strength of bamboo fibre reinforced polyester
composites is shown iRigure 16. The results show thahe flexural strength isslightly
enhanced with treating the bamboo fibres with Na@Re compositetreatedwith 6 wt.%
NaOH exhibitedthe highestflexural strengthat 44.2MPa, which is7% higherthan that othe
untreatedcomposites. Tis enhancement is due to the removal of lieenicellulose waxes,
lignin and other impuritiegreating a rough surface topograpty the barhoo fibresand
offering abetterfibre/matrix interfacial adhesiohe treanentalso leads tdibre fibrillation
which increases the effective surface area available for wetting by the matriamdgaence,

an increase in mechanical properties.

The emnancement in the flexural properties of composites with chemically treated
fibres was also observed by other research&rsz and Ansel[16] mentioned that polyester
composites reinforced with hemp and kenaf fibres treated with 6% NaOH exhibited better
flexural propertiescompared with untreatesamples Gourd andRao [23] also recorded an
almost 8% increase in flexural strength amdodulus of alkali treated (5% solution)
Roystonea regifibrereinforced epoxy compositeSinha and RouR4] and Rokbi etl. [25]
concluded that thalkali treatment has a significant effect on the flexypadperties of
compositesiue to the increased interface betweeairim and fibre after treatment. However,
they also suggested that there is an optimum level of a&atentration, whichminimises
fibre breakage and ressiih better mechanical properties for the composites.
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There is a declinen the flexural strengthof bamboo composite® 396 MPawhen

the fibres are tiated with8% NaOH.This declinein flexural strengthat thisconcentration of

NaOH can be exiained by theloss of hemicellulose and lignimt theinterfibrillar region,

becomingthe fibreless dense and rigidhis is similar to thdindings of Das et al.[26]

whereinthe strength of the bamboo strip increases with alkali treatopetd 6%by weght
but decreases €8%. Rokbi et al. P5] also indicated that thélexural strength of the
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composites with the Alfa fibres treated witb% NaOH is lower than that of thentreated
composite by about 22%.The degradation of long chain cellulose molesutd the fibre
interfaceat higher concentration of NaOtgsuled in the weakeningof the load transfeby
the fibres andonsequently, loering the mechanicaproperties othecomposites.

The application of NaOH éaiment also affectedthe stiffness ofbamboo fibre
compositesas shown in Figure 16bThe stiffnessimproved with alkali treatment, as
exhibited by all treated compositeBhe composites with 6% treated fibrashieved the
highest modulus of elasticigf 4.0 GPawhich is25% higher than theintreated composites
This increasein the flexural moduli ofthe composits is due to theefficiency of the
interfacial adhesion between the fibre surface and resin medrixdicated byAziz and
Ansell [16]. Lee and Wan27] alsoreported thathe elastic modulusof bamboo fibre/poly
(lactic acid) composite to increase fronv 20 29 GPa with the addition of a bibased
coupling agent. Thefurther mentionedthat the treatment of fibres by alkalisation hefp
improve the mechanical interlocking andeafical bonding between the resin and fibre,

resulting in better performance by composites.
5.1.2Tensile properties

Thetensile strength of the bamboo composites with and without fibre treaisngmbwn in
Figure 16c Results show thateatment has sonedfect on the tensile strength of the bamboo
composites The composite with the bamboo fibres treated with 6% NaOH exhibitesl
highesttensile strength of 2O MP3a which is 10% higherthan untreatedcomposite (19.0
MPa). Compared taintreated compos§ the tensile strengtbf specimens treated wid?o
NaOH increased by 26. The observed increase in the tensile strength of treated bamboo
fibre-polyester composites is attributed to the reat@f theimpuritieson the fibre surface

This can be alsoxplained by the ibrillation which increases the length/diameter ragiod
enlarge the contact surface ared the fibrewithin the polymer matrix, producing better
fibre-matrix adhesion hence, increasing the strertdtwever, there was an obvious drop

tensile strength &% NaOH, with an 5% reductioncompared tantreated composites

The improvement in tensile strength of the fibvédsen treated a4 and 6% NaOH
may have also contributed to the slight increase in average tensile strength of their
corresponding composites. Generally, the mechanical perfoemasfc fibre/polymer
composite depend on the strength and modulus of the reinforcement, strength and
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toughness of the matrix, and the effectiveness of the interfacial stress transfer between the
fibres and the matri}28]. Nam et al[29] also reported the improvemem themechanical
propertiesof composites using alkali treated fibrds their investigationan increase in
tensile strength of coir/poly(butylene succinate) composites treatésfoaNaOH was
achieved They attributed the increased strengththebetter wetting of the fibredue to the
NaOHtreament

The tensile strengtaf the compositeis improved by tie NaOHtreatment. However,
too high of alkali concentration can cause acess removal of covering materials from the
cellulose surface, which results in weakening or dangagf the fibre structurg¢30]. Thus,
the decrease in strength fo¥e8BNaOHcan beattributed to the substantial delignification and
degradation of cellulosehains during chemical treatmerA similar observation was
reported byMisra et al [31] wherein 5% NaOH treated sisal fibmeinforced polyester
compositeexhibited abetter tensile strength than 10% NaOH treated compobi@®over,
Lopattananon et al32] also found that théreatments with 5% NaOH provided thesb
improvement of tensile strength @8increase) fompineapple leaf fibore composites when
compared with that of untreatexs well aschemicaly modified fibre with1, 3, and 7%
NaOH. Similarly, Wong et al.[12] mentioned thathe tensile propertiemight decreaseat
higher amount of chemicateatmentas the adhesion of fibre and the matrix becohess.
Their £anning electron micrograph of fibre surfaegealed that at higher percentaddhe
chemical treatment, not only the surface impurities were removed but alsotineatiere
surface smooth, which lessen the mechanical bonding between fibre and Taisxit can
be concluded that thensile strength of thbamboocomposite maydecrease after certain
optimum NaOH concentratiorwhich in this study was found @%. This concentration is
just enough taemowe thewaxy material fronthe surfaceof the bamboo fibres resulting in

anincreased fibranatrix interfacial strengthndbetterproperties of composites.
5.1.3Compressive properties

The effect of fibre treatment on the compressive properties of bamboo fibre reinforced
polyester composites is shownkigure 16d The results show th#the compressive strength

of compositsis strangly changed with fibre treatment with optimum alkali concentration of
6%. The composigewith the fibres treated with this level dfaOH exhibited he highest

compressive strength ofLl@ MPa which is nearly & higherthanthe untreateddamples.
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The incrase in the compressive strength for composites with treated up to 6% iNaDe
to the excellentfibre-matrix interface adhesiort is also believed thathe alkali treatment
done on the bamboo fibressults in an improvement in the interfacial bondwygiving rise
to additional sites of mechanical interlocking, hence promoting more resin/fibre
interpenetrationand resulting in higher compressive strength similar finding is also
reported byBisandaand Ansell[33] wherein theyfound a considerable mhancement ithe
compressive strengthf sisal epoxy compositeslue tosilanetreatment on the fibse They
mentioned that themercerization greatly improved the resin pigk of the sisal fibres.
Prasanna an8ubbaial{34] also reported a higheompresiwe strengthfor composites with
banana fibredreated with NaOHthan the untreated compositeédn the other hand, a
remarkable reduction in the compressive stremngdls found in the composigewith fibres
treated with8% compared to 6% NaOHvan et al. [$] explainedthat this can be due to high
concentration o€Ehemical treatmenthich damagethe fibresandweakers the bond with the

resin matrix
5.2 Effect of elevated temperaturen mechanical properties
5.2.1Flexural properties

The effect of elevatettmperature on the mechanical properties of composites with untreated
and NaOH treated bamboo fibres is shown in Figure 17. As can be seen in Figure17a, t
temperature has fie effect on the flexural strengtif the composites &T up to 8GC. The
berding strenght of treated composit@ben tested at this temperature ramgeat keast 41
MPa. However, a significant reduction in the flexural strength is observd®@@€C. The
strength of composites when tested at this high level of temperature isromhddl6 MPa,
which is 60% lower than when tested at RAS for the elastic modulus, all samples
experienced reduction in stiffness with increased temperatustown in Figure 17rom
almost 4 GPa at RT, this dropped to only 0.6 GPa &iCLZtis redwtion in stiffness is due

to the softening of the polyester matrix with the increase in temperatanera@ly slightly
betterstrength andstiffness was observeddr treated composites compared to the untreated

ones.
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Figurel?. Properties of bamboo fibre composites at elevated temperature
5.2.2Tensile properties

Figure 17c shows thahé tensile strength diamboo fibre composites slightly increased
when ested at 40 and 80 but deterioratd at 120°C. The strength slightlincreasefrom
21.0MPaat RTto 21.5and 237 MPa at 40 and 8, respectively but was significantly
reduced tal2.4MPa at 120C. The small improvement in tensile strength of the cusitps

at 40 and 8@ is comparable to theesults obtainedy Laoubi et al.[36] on Eglass
fibre/polyester composites, wharea slight increase of tensile strength was observed at
100°C, gradually decreasing beyond this temperature. This behaviour enaaused by

evolution of the linkage state of tipelyesteresin. Posture or further crosknking of most
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thermosetccurs at elevated temperatupgsor to the decomposition processeken the
temperaturereaches near or higher than the [BY]. Another probable reason is better
fibre/matrix interlocking due to the softening of the matrix. With the more flexible molecular
chains, the polyester may be able to penetrate the fibres further and reduce the voids within
the composite This alsoallowed the fibres to be rearranged in the direction of the applied
load. As discussed by Manalo et [dl3], only fibres arranged in the direction of the loading
will contribute to the tensile strength of a compasitds the fibres are able to move
throughout the dading process, more fibres will participate in the load resistance of the
composite Obviously, the slightly highemechanical properties of alkali treatedmposites
compared taintreated ones due to the better interfacial adhesion of the fibre anulixna

this advantage remained unchanged even at higher temperature.

5.2.3Compressive properties

Figure 17d shows that tleempressive properties of composites with treated bamboo fibres is
higher than that of untreatetbmpositeswhen tested aRT. However, the compressive
strength is almost simildor both treated and untreated compos#eslevated temperature.
When tested at 4@, there is a significant increase in the compressive strength of composites
with untreated bamboo fibres. Thigas due tothe resinstarting to softerwhich slightly
improves the bonding of the matrix and the fibrés expected, the compressive properties
decrease when tested at 80 and’C2ue to the softening of tipwlyester resin

It can be seen that the ultimate coegwmive strength of thbamboo composites,
regardless of treated or not, decreases when the temperature increade’s fooh2(°C. For
untreated composites, the ultimate compressive strength decreases from 61.2 to 26.5 MPa
while for treated composites, thdtimate strength decreases from 111.2 to 27.0 MPa.
According to Liu et al[38], the matrix is strong and the fibres carry much of the \olaen
the temperature is lowVhen the temperature is high, the matrix is softened and could not
support the fibregn carrying the loadesulting in the overall decrease in the strength of the
compositesThe increase in the compressive strength of the untreated composites when tested
at 40C can be explained by tlh@provement othe adhesion between thamboo fibre and
the polyester resinin fact, Khalil et al [5] indicated that the increase in temperature
generates new bonds which makes nhegtrix tightly close packed system, increasing the
adhesion betweetihe matrix and the fibres leadinghietter mechanicairopertiesAzwa and
Yousif [39] also observed better fibre matrix bonding at lower temperattoekenaf/epoxy
compositeddue to the removal of hydrophobic componenigdre fibre, allowingits better
compatibility with the matrx. However, at high tengrature both composites suffer fibre
matirx debonding due to softening of the matifikis explains the significant decrease in the
compressive strength of the bamboo composites when tested at 80 &d 120

6. Conclusion
The effecs of alkaline treatmenand elevated temperature on the mechanical properties of

bamboo fibre reinforced polyesteomposites werenvestigated.Four levels ofsodium
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chloride treatment (0, 4, 6, and 8%aOH) for bamboo fibresvere considered. From this
result, the optimum levebf alkali treatment was determined andas used in the
investigationon the effect of elevated temperature. Coupon specimens were prepared and
tested under bending, tension and compression. Based on the results of the study, the

following conclusions ardrawn:

1 An improvement in the mechanical properties of the composites was achieved with
the treatment of the bamboo fibregth sodium hydroxideThisimprovement isdue
to the enhancment in theadhesionbetween thebamboofibres and the polyester
resin Alkali concentration of 6% wasound optimum and resukd in the best
mechanical propertieor bamboo composites. Bamboo composites with the fibres
treated with this alkali concentration have bending, tensile and compressive strength

and stiffness o7, 10, 81, and25% higher, respectively than the untreated composites.

1 A reduction in the mechanical properties was observed for composites with bamboo
fibres treated with 8% NaOH. This was attributed to the substantial delignification
and degradatiomesultingin a damaged fibraveakening the load transfer and the
bondingwith the matrix The bendingand tensile strengthof composites with 8%
NaOH treated bamboo fibras 3 and 15%lower than the untreated compos#te
However, the compressive strength and tiféness are 12 and 4% higher than the

untreated composites as the polyester resin goverssrtteehanical properties

1 The devated temperature has different effect on the mechanical properties of
bamboo composites. The flexural and tensile strengtbanfiboo composites are
enhanced when tested up td®80The softening of the matriup to this temperature
had allowed the fibres to be pulled in the direction of the loading, rearranging
themselves for better stress transfen the other handhe bendig stiffness and
compressive strength decredseith increasing temperature as these properties are
governed mostly by the behaviour of tpelyesterresin. Similarly,a significant
decrease in all mechanical properties was observed for compasitgstesed at

120PC, which is higher than the Tg of the polyester resin

1 The behaviour of treated and untreated composites is similar at elevated temperature.
With increasing temperatur¢he fibre/matrix adhesioms affected and played an

importantrole an the oerall behaviour oftomposits. At 40 and 8°C, the bond
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between the untreated bamboo fibres and polyestigistly enhanced resulting in
the mechanical propertie®mparable to thatf the untreatedcompositesAt 120°C,
the polyester resin becomesvery soft weakening the overall structu@ the

composites
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